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Abstract 


This work deals with directional solidification of Sn-Bi alloys for the dendrite arm spacing 
measurements and solute redistribution. The alloy compositions have been chosen as 2 
and 4wt% Bi Directional solidification was carried out by moving the furnace upwards 
relative to the quartz/pyrex crucible containing the alloy which is held stationary. The 
furnace was made to move at four different freezing rates ranging from 3 1 to 284 pm/s. 
The temperature gradient was maintained at 7.8°C/mm for 4wt% Bi and 8.4 ®C/mm for 
2wt% Bi alloy. Temperatures at different points below the equilibrium solid/liquid 
interface was measured. The primary dendrite spacing (X.) is found to vary with freezing 
rate ( R), as X a in case of 2wt% Bi alloy and X a R"® ” in case of 4v/t% Bi alloy. 
The heat transfer coefficient for water being sprayed over a vycor tube containing the hot 
alloy is experimentally found as 0.13 14x1 O'* watts/m^/k. The solute redistribution 
measured in a direction approximately normal to the direction of dendrite growth is found 
to match with the theoretically predicted values. 
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Chapter 1 
Introduction 

The control of morphology and characteristic microstructural spacing by 
directional solidification of alloys is a very powerful tool in solidification processing. 
Theoretical models and extensive experimental studies have now well established the 
morphology transition from planar-to-cellular-to-dendritic microstructure as function 
of growth velocity. However the response of the primary dendrite spacing, a very 
important microstructural feature in directional solidification, to sudden changes of 
growth rate is not adequately understood. 

Experimental studies of dendrite structures in directionally solidified binary 
alloys show that dendritic stmctures develop certain steady characteristics at the 
advancing front, whereas at the interface regions further behind the advancing front, a 
non-steady-state evolution of side branches occurs. 

The movement of stable and planar solid/liquid interface through directional 
solidification produced single crystals for computer chips and solar cells. Perfectly 
aligned, laminated composite stmctures have been possible through directional 
solidification in order to impart superior properties in superalloys such as high 
strength, durability and reliable performance in high temperature applications. 
Turbine blades with vastly improved properties have been made with directional 
solidification techniques. 

The purpose of this research was to study the growth rate dependence of the 
primary arm spacing in well-characterised dilute binary alloys (Sn-Bi) with a 
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relatively high partitioning coefficient and solute redistribution. The samples were 
solidified under a wide range of fi'eezing rates by directional solidification. The solute 
redistribution was determined with the help of an Electron Probe Micro Analyzer. 
From the experimental measurement of temperatures and cooling rate, heat transfer 
coefficient has been calculated. This was then compared with the values calculated 
using an empirical relation proposed in literature for a system comparable to the 
present system. 

The alloy compositions have been chosen so as to be considerably lower than 
the maximum solid solubility in order to primarily have a single-phase dendritic 
growth. Directional solidification was carried out by traversing the furnace upwards 
with different freezing rates. The furnace was made to move at four different freezing 
rates ranging approximately from 30-300 pm/s. Unidirectional solidification was 
achieved by maintaining a fairly constant, pre-set temperature gradient. 
Microstructural study has revealed that the alloys adopt a planar arrayed dendritic 
morphology. Higher rates of growth observed to result in finer dendrite spacing. 
Experiments were carried out with two different alloy compositions. 

In these experiments a cylindrical pyrex/quartz cmcible containing the alloy 
was kept stationary surrorinded by a furnace. A water spray was used to withdraw 
heat and bring about solidification. This spray-cooling device was attached to the 
furnace so that it moved with the furnace. To bring about directional solidification, 
furnace with the water spray chill was made to move up at a predetermined rate. Thus 
the thermal fields around the alloy in the crucible remained nearly constant 
throughout the directional solidification. 


When the furnace was moved abruptly from a slower speed to a higher speed, 
the solid/liquid interface lagged behind. But when the furnace was moved from a 
faster speed to a slower speed, the solid/liquid interface leads, i.e. it moved ahead of 
the position where a change in the furnace traverse rate was imposed. Primary 
dendrite spacing was measured along with the length of the whole ingot after it 
properly sectioned and microstructure developed. The dendrite spacing exhibits the 
expected variation with freezing rate. It exhibits a linear relationship with growth 
rates on a log-log plot. Results obtained are compared with those cited in literature. 



Chapter 2 


Literature Survey 

f 

It is understood from past works, that directional solidification techniques 
where growth velocity and the thermal gradient at the solid-liquid interface are 
controlled, is important in fields concerned with solidification. A lot of research work 
has been done on directional solidification of alloys. Work on heat transfer in 
directional solidification has been done 

• Experimentally, 

• Computer modeling of heat flow problem associated with unidirectional 
solidification solved by numerical techniques, 

• Computerised thermal analysis of cooling curves to quickly and accurately obtain 
solidification parameters such as growth rate, thermal gradient etc. 

Significant experimental work [1-5] and theoretical work [6-10] has been reported 
for the Bridgman-type of crystal growth configurally providing the thermal conditions 
which are more amenable to meaningful thermal analysis. The results of heat transfer 
analysis have in principle been confirmed in corresponding experimental 
investigations. 

In the present chapter a theoretical analysis of solidification in Bridgman 
apparatus, movement of solid liquid interface, free and constrained dendritic growth, 
primary dendrite spacing, solute redistribution and heat transfer coefficient as rq)orted 
in the literature have been summarised. 


2.1 Thermal Analysis of Bridgman Apparatus 

A number of variations to the construction of Directional Solidification 
equipment have been described. Heat is fed into the specimen from the hot region, it 
flows through an insulated region in which there is less radial exchange of heat and is 
extracted in the colder region via a cooling device. Figure 2.1 shows the schematic 
arrangement of Bridgman ^paratus. Growth is promoted by traversing the furnace or 
the sample. The thermal profile along the furnace axis is obtained in a prior 
experiment with the help of a thermocouple to give information on the thermal 
environment. The thermal profile in the metal during growth will differ fi-om that of 
its environment, and it has thus been common to insert a thermocouple in the 
specimen in order to monitor thermal gradients in the melt. The thermal profile within 
the sample is independent of growth speed. It is determined by the imposed thermal 
profile i.e. the hotzone and cold zone temperatures and length of the insulated zone. 
The temperature gradient in the vicinity of solid-liquid interface is an important 
factor. The avoidance of constitutional supercooling for single-phase growth and 
achievement of cooperative growth of off-eutectics often requires that the temperature 
gradient be high. 



Figure 2.1: Schematic arrangement of a Bridgman apparatus (after Fu et.al. [5]). 
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2.2 Movement of Solid/Liquid Interface 

The macroscopic solid/liquid interface shape is determined by heat transfer 
and by the direction of heat flux near the interface. It was suggested that one way of 
decreasing the dependence of interface sh^e on thermal conditions is to insert a layer 
of insulation between the heater and the cooler forcing the heat transfer to be axial [5]. 
It was observed both experimentally and mathematically [1,6] that during ^owth, the 
velocity of the advancing interface may be greater or lesser than the furnace traverse 
speed and that the steady state can never be set-up. It was also observed [6] that 
departure from ideal behaviour is low for metals with low thermal diflusivity. Cast 
iron, Pb which are low melting point metals, solidify at almost the traverse speed of 
the furnace over most of the length. The thermal diflusivity of Sn is also low so, the 
interface is expected to move with the same velocity as the furnace for the directional 
solidification of Sn. 

Fu et.al. [11] observed that when the furnace movement rate is increased, the 
solid/liquid interface moves lesser distance than the distance travelled by the furnace. 
The time taken by the interface to reach a new equilibrium position is compute!. 

The equation is , 

^YlzL. ( 2 . 1 ) 

V,-V, 

where ^ = interface position measured downward, 

^ = equilibrium interface position at the new drive rate Fj, 

Sx = equilibrium interface position at the original drive rate Fj, 

F, = freezing rate at any time /, 



e 


= dimensionless time and 


t = time taken to reach a new equilibrium position. 

2.3 Free and Constrained Dendritic Growth 

With directional solidification various microstructural manipulations are 
possible by changing the expenmentally controllable parameters. The development of 
microstructure depends on the manner in which the latent heat of fusion is carried 
away from the advancing solid/liquid interface [12]. Two distinctly different heat flow 
conditions may give rise to either the free growth or the constrained growth 
behaviour. In free growth, where the solidification occurs in an undercooled melt, the 
latent heat is dissipated through the liquid. In the constrained growth, the latent heat is 
carried away through the solid and the temperature gradient is the liquid ahead of the 
interface is positive. This constrained growth condition gives rise to directional 
solidification. Free dendritic growth arises when a crystal nucleus grows in a 
supercooled melt. 

Dendritic solidification [13] is characterised by a morphology resulting into 
spikes in specific crystallographic directions, with regular branches in other 
equivalent directions. In face-centered and body-centered cubic structures dendritic 
growth is observed to take place in the cube directions, of which there are three that 
are mutually perpendicular. The main experimental observations are: 

• Dendritic growth takes place only when the melt is supercooled. 

• The directions of growth are always strictly crystallographic. 

• Branching occurs at regular spacing. 



2.4 Primary Dendrite Arm Spacing 

A convenient and widely used measure of solidification conditions on 
dendritic structure is dendrite arm spacing. Columnar dendrites adjust their primary 
spacing during growth in accordance with the imposed thermal conditions. If the 
spacing is too close one or the other primary arm falls and is subsequently engulfed. If 
the spacing is too large a tertiary arm growing from a secondary arm catches upto the 
growing primary tips and becomes one of them as shown in Figure 2.2. The driving 
force is the constitutional supercooling between the two primary dendrite arms. 



Figure 2.2: Formation of new primary arms by branching from secondaries (after 
Flemmings [14]). 

Basic solidification model [15] for dendritic growth under an imposed positive 
thermal gradient in the liquid is shown in the Figure 2.3. Many theoretical and 
experimental studies have been reported on primary dendrite arm pacing, X. Hunt 
[16] derived an expression 

X, = A,G,^*V-°“ (2-2) 

where X, = Primary dendrite spacing, 

G, = Temperature gradient and 
V = Growth velocity. 

Flemmings presented an expression for high vidues of heat transfer coefRcient, 
X,=A(G,V)-^* 


(2.3) 



DISTANCE 



DISTANCE 


Figure 2.3: Basic solidification model for dendritic growth (after Laxmanan [15]). 

Dominique et.al. [17] have derived a formula for the primary dendrite arm 
spacing in steady state heat flow. The primary dendrite arm spacing A.,, is given as 


=120 


{\-K)m/^GR 


(2.4) 


where = solute mole fraction at bulk composition, 

G/G^ = normalised temperature gradient, 
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G 


= temperature gradient at the tip (K cm"'), 

8 = scaling factor for the surface tension, 

a = liquid-solid surface energy (erg cm'^, 

Tfn — melting temperature of the pure solvent (K), 

A — chemical diffiisivity of solute in the liquid (cm^ s '), 

m = liquidus slope (K), 

AH = heat of fusion (J cm'^) and 
R = tip velocity (cm s'"). 

They also suggest that a relation like 

X,=K{GRy^'^ (2.5) 

also adequately explains experimental data for steady state growth. 

Experimental studies on the growth speed dependence of primary spacing ‘X’ 
have been carried out in various alloy systems [18]. Figure 2.4 schematically 
represents the literature reported dependence of the primary arm spacing (X,) on 
growth speed. Region A starts from Rp, the growth speed for the initial break down of 
a planar liquid/solid interface. ‘X,% primary arm spacing initially decreases with 
increasing R, growth speed. A minimum in ‘X,’ occurs at R^^n- The spacing increase 
with increasing ‘R’ in region B, until a maximum is reached at beyond which it 
decreases in region C. As shown in Figure 2.5 the primary arm spacing increases at 
firet, with decreasing growth speed (or decreasing gradient of constitutional 
supercooling), reaches a maximum, and then decreases with further decrease in 
growth speed as shown in Figure 2.5. A majority of die primary dendrite spacing 
measurements reported in the literature as well as the present work has been done in 


to 



the region (Figure 2.4) where primary dendrite spacing decreases with mcreasin 


GROWTH SPEED (R) 


Figure 2.4: Primary arm spacing with growth speed during constrained growth of 
binary alloys (after Chopra et.al. [18]). 



GR0«IH SPEED, R, ym/s 


Figure 2.5: Primary arm spacing with growth speed in directionally solidified Pb-10 

weight pet. Sn (after Chopra et.al. [18]). 



2.5 Solute Redistribution 


If an alloy of uniform composition is solidified under non-equilibrium 
conditions a redistribution of the impurity occurs, so that the resulting solid is not of 
uniform composition, that is, segregation occurs during solidification. The problem of 
calculating solute distributions for steady state conditions and for the transient 
changes in solute concentrations were first reported by Rutter et.al. [19]. 

Solute redistribution during dendritic solidification with diffusion in the solid 
was reported by Ganesan et.al. [19]. The composition of the interdendritic liquid 
during solidification is calculated from the average diffusion parameter. The equation 
is given as, 

^ = (l - (l - 2aK)f, (2.6) 

^0 

where a = average diffusion parameter. 

Cl = concentration in the liquid, 

Co = alloy composition, 

= weight fi:action solid and 
K = partitioning coefficient. ■' 


The solute redistribution equation for the imdercooled dendrites is given by 
Sarreal et.al. [20] 


Cs* = KCt 


K-l V K-l 



(2.7) 


where Cs* = concentration of solute in the solid, 

= solid weight fraction, 

= 0 at the centre of the dendrite, 

. — I at the centre of the interdendritic region. 
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K = equilibrium partition ratio, 

C, = composition of the liquid ahead of the dendrite tip, 

= fraction solid with a constant concentration of 


-Dfi 

m^.R.Q 


where Di 
G 
R 
Co 

Q 


= diffusion coefficient of solute in the liquid, 

= temperature gradient in the liquid, 

= growth rate, 

= initial average composition, 

= slope of the liquidus, 

= composition of the liquid ahead of the dendrite tip given as 


C, = (l-a)Q. 


( 2 . 8 ) 


Fraction eutectic is calculated as, 

/e = (1 -//) (2.9) 

The above equations have been used in the present work for the calculation of 
concentration of solute in the solid. 

2,6 Empirical Relation for Heat Transfer Coefficient 

An empirical relation for computing the heat transfer coefficient given by Kem 
[21] on the inner wall of an armulus for laminar flow of water for Reynolds number in 
the range of 200 to 2000. The equation is 

s/3 M 


/», = 0.67 




7/^ 


Cp 


f 


2/3_l/3 


KLp g 


>/3 , V !/9 

'4G'' 




( 2 . 10 ) 


where K 


■■ thermal conductivity of water, 



p = density of water, 

g = acceleration due to gravity, 

L = total length over which the heat transfer is taking place, 

Pf = average film temperature, 

C = specific heat of water, 

ACr/pf = Rejmolds number. 

Heat transfer coefficient calculated with this equation is compared with 
experimentally determined heat transfer coefficient. 
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Chapter 3 

Experimental Procedure 


The thermal profiles and fireezing rate in the specimen are determined in the 
directional solidification apparatus. The position of the solid-liquid interface and the 
axial thermal gradients on each side of the interface can be controlled. The rate of 
freezing can be changed instantaneously. The present work was carried out in an 
existing directional solidification apparatus. The alloys used for this study are dilute 
alloys of Bi in Sn. Figure 3.1 shows the Sn-Bi equilibrium diagram. Sn-Bi is a 
classical binary eutectic system with a eutectic temperature of just 139°C which gives 
rise to the current and increasing application of alloys around eutectic composition as 
low temperature soft soldering alloys. The two and fom weight percent Bi alloys were 
chosen for the present work to study the response of primary dendrite to changes in 
the fireezing rate with reject to their spacing and solute redistribution. The various 
units and accessories used to carry out the master alloys preparation and Directional 
solidification, are briefly described below. 

3.1 Master Alloy Preparation 

In the present work Sn-Bi alloys were prepared in an inert atmosphere in an 
existing experimental set-up. The experimental set-up consisted of: 

1. Gas Purification Train, 

2. Vacuum Pmnp and 

3. Rocking furnace. 











Sn and Bi of 99.99% or better purity were used. The melting points of Sn and Bi are 
231.967 C and 271.442 C [22] and their densities at room temperature are 7.3 and 9.8 
g/cm^. 

3.1.1 Gas Purification Train 

The argon to be supplied to maintain inert atmosphere around the melt must be 
free of carbondioxide, oxygen, moisture and other gaseous impurities. Removal of 
these impurities was accomplished in a gas purification train. Figure 3.2 shows the 
gas purification train. 

The gas train consisted of separate glass containers with soda lime, silica gel, 
anhydrous CaCla, molecular sieve of 4A size at liquid N 2 temperature and copper 
turnings kept at 500°C, as shown in Figure 3.2. The soda lime was prepared by mixing 
in dry powder from. 

Silica gel and anhydrous CaCb were to remove moisture, soda lime to remove 
CO 2 and molecular sieve at liquid Na temperature to remove traces of CO 2 , O 2 , 
moisture and other gaseous impurities. The copper turnings were meant to remove 
any oxygen that may still be remaining in the gas. The hot and purified gas coming 
from the copper turnings tube is then made to pass through a condenser for cooling 
and then through the bubbler containing the dibutylpthalate, with methyl orange for 
colouring. The purified argon gas coming out from the bubbler is directed through a 
two-way valve to the Directional Solidification Apparatus or to the specimen capsule 
placed in the Rocking furnace, through another two way valve which permits 
evacuation of the specimen tube, if desired. 






3.1.2 Vacuum Pump 

A mechanical vacuum pump (Hind Hi-Vac) was used to permit evacuation of 
the specimen tube for repeated flushing with purified argon gas. 

3.1.3 Rocking Furnace 

The length of the rocking furnace was about sixty centimetre and it was 
resistance heating type. The internal diameter of the furnace tube was three 
centimeters. The furnace is held at the centre of its length by two diametrically 
opposite horizontal pivots. It can be rocked from a vertical position to about 30° below 
the horizontal line, through an angle of 120°. The furnace can be damped at any 

o 

convenient position within an angle of approximately 30 on either side of the 
horizontal position. The far end of the furnace was closed with insulting material to 
support the end of the specimen tube. A chromel-alumel thermocouple sheathed in a 
two-hole ceramic sheathed, with both ends open, was used to control the operating 

o 

temperature of the furnace. The furnace temperature was maintained at 350 C, to 
make the alloy. 

3.2 Specimen Capsule 

In the present woric, melting, mixing, ingot casting and directional 
solidification was carried out in a pyrex/quartz capsule. The caq)sule shjq)e is shown in 
Figure 3.3. It consisted of two parts: a bulb portion for holding alloys in solid state 
and for proper mixing after melting and a cylindrical tube like portion for casting and 
subsequent used for directional solidification. After the alloy was allowed to solidify 
in the cylindrical portion, the bulb portion of the capsule was cut and saved for use 
again. 






3.3 Master Alloy making 

Two master alloys were made one with 2 wt% Bi and other with 4 wt% Bi. 
The 2 wt% alloy was prepared in a pyrex capsule while 4 wt% alloy was prepared in a 
quartz capsule. The cylindrical tube like portions were of 7.5 mm and 10.5 mm inner 
diameter for the pyrex and quartz capsules, respectively. The reason for using quartz 
capsule was that quartz has much better thermal shock resistance. The 4 wt% Bi alloy 
in the quartz capsule was to be subjected to several cycles of starting and stopping of 
the water spray on the outer spray of the tube during the run. The reason for using two 
different diameters were, 

1. To see if diameter of the ingot changes the solidification behaviour of the 
ingot in anyway. For example the shape of the solid-liquid interface. 

2. In an earlier similar study [23] ^proximately 10.5 mm inner diameter 
specimen tube was used. It was thought that using the same diameter would 
permit a better comparison between the results of the two investigations. 

Tin and Bismuth were weighed in required amoxmts to form a Sn-Bi alloy and 
then filled in the pyrex/quartz capsule. The g>ecimen capsule was then kept in the 
rocking fiimace and its open end was connected to the vacuum pump and purified 
argon gas supply through a two-way stop-cock. Initially, the capsule was evacuated 
and back filled with purified argon gas a few times to remove all traces of air. Then 
the alloy was heatai first to 100°C. At lOO^C, again the process of evacuation and 
backfilling was carried out three times. The process of evacuation and backfilling was 
repeated after heating the specimen tube to 200 C, 300 C and 350 C. The charge was 
kept at 350°C under argon atmosphere for two tours to ensure complete melting. The 
furnace then was gently rocked about 20 times, first slowly moving upwards and then 


downwards from the horizontal position through an angle of about 40°. After rocking 
is over, the capsule was again evacuated and backfilled with argon three times. The 
furnace was rocked as above again for another 20 times to ensure proper mixing of 
the melt. The rocking furnace with the c^sule was then allowed to cool down to 
250 C in the furnace, before the capsule was taken out for further cooling first in the 
air to allow it to solidify and subsequently quenching in room temperature water. The 
lower cylindrical portion carrying the solidified ingot was chopped off from the bulb 
pjortion. The cylindrical portion containing the alloy was subsequently used for 
directional solidification. 

3.4 Directional Solidification Apparatus 

A schematic of the Directional Solidification system used in the present study 
is shown in Figure 3.4. It consisted of three zones; a heated zone, an insulated zone of 
high thermal gradient, and a cooling zone. The system consists of an electric motor, a 
resistance heating furnace, a copper crucible holder and a water spray type chill 
assembly. 

The furnace is connected to a motor though a guide-way pulleys via rope and 
counter weights. A brief description of these sub-systems follows. Heat enters the 
specimen finm the hot region, flows through the insulated region exchange, and is 
extracted below via a cooling device. The furnace and the chill assembly were moved 
with resp^t to a stationary cmcible. The moving furnace and chill assembly 
maintained a constant thermal gradient in finnt of the solid-liquid interface through 
out the run. The molten alloy in the crucible is made to solidify starting fiom its 
bottom towards the top. 



Figure 3.4: Schematic of Directional Solidification Apparatus 




3.4.1 Drive Mechanism 


The fiimace motion was controlled by a motor operating over two pulleys to 
the furnace support assembly. The electric motor Hans Heynau was a Gennany make 
14-volt dc, 3000 rpm motor model F9M2 with gear number G2V5M5 and a 
tachometer number F9T and a four quadrant transistor controller number SV031 a. It 
is capable of giving 0.004 - ± 11.6 rpm with continuous and instantaneous variation. 
The speed of the motor was controlled by a controller in which there is a ten turn 
potentiometer head. By rotating the head of speed of the motor was changed. 
Calibration of this ten turn potentiometer head for different speeds was done. 

3.4.2 Furnace and its Motion 

The furnace tube is 17 inches long and 2 inches internal diameter. The heating 
is provided by the Kanthal wire of 19 gauge wound around in tube. It was ensured 
that the furnace moved only in a vertical line without any axial rotation, because the 
fiimace movement is the sole cause of the solidification to proceed unidirectionally. 

The fiimace was provided with a frame which was bolted to a slotted steel rod 
which hangs from a flexible wire rope. The other end of the rope was attached to the 
drum pulley of the drive motor via a counter-weight to counter balance the weight of 
the fiimace. 

An arrangement was made at the top of the furnace (Figure 3.4) to insert two 
thermocouples, one for controlling the temperature inside the fiimace and the other 
for measurement of temperature inside the melt in the crucible. A tube is provided for 
flushing the fiimace tube with purified argon. 



3.4.3 The Crucible Stand 


The crucible stand was a brass rod of length 42.47 cm and mounted on a 
metallic plate. The bottom end of the cylindrical pyrex/quartz crucible containing the 
solidified ingot was kept in the blind hole of the cracible stand at the top. The cracible 
was held along the furnace axis. The blind hole is of depth 1 .4 cm. Three screws are 
provided to hold the crucible firmly and vertically along the furnace axis. An 
aluminum foil was wrapped inside the blind hole. This helped in preventing the 
danger of cracking of the crucible bottom when the screws are tightened. The cmcible 
stand on the base plate was provided with a metallic receptacle with a drain pipe. The 
water impinging on to the crucible from chill, drips down the brass rod to this 
receptacle, where it gets collected and drained out. The base plate was fixed rigidly to 
a cast-iron block. The cast iron block damped vibration which may came from the 
floor. 


3.4.4 Chill Assembly and Chill Cap 

Main objectives of chill for the system are: 

• To extract heat effectively fi-om the cmcible, to bring ^ut solidification. 

• To allow relatively high thermal gradients in the liquid at the solid/liquid 
interface. 

• Capability to place the chill at a desired position in the furnace. 

The chill system provided water jets to impinge over cracible in an annular shape and 
the water then dripped down the cracible stand. The water jets were arranged through 
a hollow stainless steel ring surrounding the cracible. There were 14 jets each of 1 
mm diameter arranged in two circles. The water was fed to the cooling ring through a 
copper tube of 4.7 mm internal diameter. The chill assembly was made with stainless 



steel to avoid rust and corrosion. Water is fed to chill fiom a water reservoir 
maintained at a constant height. The chill assembly was fixed to the frame of the 
furnace so that the chill moved with the furnace, past the stationary specimen. 

A Chill Cap was provided with the following objectives. 

• To provide insulation between the heated portion and the chilled (cooled) portion 
of the specimen. 

• To seal off the chill fix>m the fiimace atmosphere, thereby minimising the local 
disturbance of temperature due to proximity of chill. 

The chill cap was cup shjqjed with 3-4 mm wall thickness and about 2 cms ID. Its 
length was about 8 cm. 

The material for chill cap was alumina. It was chosen because of its 
refractoriness and insulating properties. The hole in the cap, also helped in keeping 
the crucible in vertical position. A thermocouple was fixed, with Plaster of Paris 
mixed with Hypophosphoric acid, at the top of the chill cap to monitor temperatures 
at the top of the chill cap. 

3.5 Steps for Making a Directional Solidification Run 

Experiments were conducted with tfie ajuipment described in the previous 
sections to accomplish Efirectional Solidification of various Sn-Bi alloys with 
different freezing rates. The st^s involved were: 

1. Assembling the Apparatus for a Run 

2. Measuring steady state tempaature along the length of the furnace for 
different power inputs to the furnace. 

Measuring temperature profile iiuiide mid outside the crucible along its length. 


3. 



4. Determination of the position of the solid-liquid interface w.r.t. the chill ring 
and bottom of the crucible. 

5. Determination of temperature at different points below the solid-liquid 
interface (in the solid portion of the specimen). 

3.5.1 Assembling the Apparatus for a Run 

The pyrex/quartz cracible with the solidified ingot in it was placed in the blind 
hole of the crucible stand and tightened with the help of three screws provided for this 
purpose. The crucible stand was then fixed to the cast iron block with the help of alien 
screws. Care was taken to allign the crucible with the axis of the crucible holder. The 
chill assembly tube was fixed at the required position. Slowly the furnace was 
lowered to the point when the chill ring was a few mm above the top of the cmcible 
stand. A cork was affixed at the top end of the furnace which has a cooling 
arrangement by water circulation through a spiral copper tube around it. There were 
provisions in the cork for passing purified argon gas for continuous flushing of the 
melt surroundings and for introducing three Chromel-Alumel thermocouples. One 
thermocouple used for maintaining the desired tanperature inside the furnace, another 
thermocouple was used for measuring the temperature outside the specimen tube. The 
central thermocouple used to monitor the traiperature profile within the specimen 
(liquid as well as solid portions) was sealed in 3mra ID vycor tube. The thermocouple 
emfis were measured by a DC Potentiometer, Mahindra & Mahmdra, Model LA-10. 
Two of the thermocouples (meant for measuring temperature outside and inside the 
crucible) are connected to the potentiometer through a toggle switch. By operating the 
toggle switch the emf s one of the thermocouples was measured at a time. For 
controlling the temperature inside the furnace, the thermocouple was connected to an 



indicating temperature controller (Indotherm 401). The temperature controller was 
capable of maintaining the temperature of the furnace to within ± 2°C of the set 
temperature. Purified argon was made to flow into the fiimace before the alloy starts 
melting. The flow was maintain^ at around 200 bubbles per minute to prevent the 
alloy from oxidation. The chill water was also turned on. The chill water flow rate 
was maintained at 280 cc per minute. The temperatures of the water entering and 
leaving the chill assembly was measured. The water inlet to the chill assembly is firom 
a reservoir kept in a fixed position. A steady water level was maintained in the 
reservoir. 

3.5.2 Measuring Steady State Temperature along the Length of the Furnace 

The temperature along the length of the furnace was measured for three 
different variac sittings. This was perfonned as a guide to the behaviour expected 
during a run. This was carried out by slowly moving a thermocouple sheathed in 
ceramic sheath along the length of the furnace in the absence of crucible and chill 
assembly, i.e. furnace tube with both ends open. The Plot of temperature profiles in 
the furnace for different power inputs is shown in the Figure 3.5. The measurement 
data is given in Appendix A (Tables A.1, A.2 and A.3). 

3.5.3. Measuring Temperature Profiles inside and outside the Crucible 

For the measurraient of temperature profile outside the crucible under 
experimental conditions, a thermocouple protected with a ceramic sheath was used. 
The thermocouple was slowly moved along the length of the furnace until the 
thermocouple tip touched the chill cap. Another thermocouple sheathed in 3nun ID 
vycor tube closed at one end was used for the measurement of temperatures inside the 



melt. The glass tube with the thermocouple is made to touch the solid/liquid interface. 
In this position, the tip of the thermocouple was at 2inm distance from the solid/liquid 
interface. The temperature gradient in the liquid along the axis, at the solid/liquid 
interface has calculated from the recorded temperatures inside the melt. The 
temperature distributions in the liquid ahead of the interface and the temperature 
distribution just outside the crucible were simultaneously measured, using a DC 
potentiometer. The plots of the temperature profile in the liquid ahead of the solid- 
liquid interface and outside the crucible are shown in the Figure 3.6 for 4wt% Bi 
alloy. Temperature profiles for 2wt% Bi alloy are shown in Figure 3.7. The 
temperatme measurement data are given in Appendix A (Tables A.4, A. 5, A.6 and 
A.7). The temperature gradients existing in fix>nt of the solid/liquid interface was 
determined from the plot of the temperatures in the melt for 2 wt% Bi alloy as shown 
in Figure 3.8. The temperature gradient obtained for 2 wt% Bi alloy was 8.4®C/mm. 
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Figure 3.5: Temperature Profile in the furnace at different variac sellings. 
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Figure 3.6: Temperature Profile inside and outside the Crucible for 4 wt% Bi alloy. 
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Figure 3.7: Temperature Profile inside and outside the Crucible for 2 \\t% Bi alloy. 





Figure 3.8; Temperature Profile inside the melt for 2 vvt% Bi alloy. 
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3.5.4 Determination of Position of Solid/Liquid Interface 

The position of solid/liquid interface is determined with respect to top of the 
chill ring and the bottom of the specimen tube. The power switch was turned on for 
the furnace to heat up. Gradually the furnace picks up the temperature and the ingot 
starts melting fiom top, towards the chilled portion. A steady state is achieved when 
the rate of heat input to the melt became equal to the rate of extraction of heat by the 
chill water and the ingot stand. This ensured that the solid-liquid interface was 
stationery and in dynamic equilibrium. The location of the freezing interface was 
monitored by paiodically lowering the central thermocouple which is sealed in glass 
until it encountered the solid alloy. This was repeated quite a few times until the 
interface position stabilized. The position of the top of the thermocouple sheath was 
recorded by a cathetometer. The imchanged reading of the thermocouple top in the 
cathetometer and the rmaltered emf of the thermocouple tip in the potentiometer 
ensured that the equilibrium has been attained. Initially, the furnace and the interface 
are stationary. From the fixed lengths and variable distances (measuring after 
equilibrium is attained) the initial interface position with respect to the chill, and the 
bottom of the crucible were determined. This is explained in detailed in Appendix B. 

3.5.5 Determiiiation of Temperature at Different Points below the Equilibrium 

Solid/Liqnid Interface 

Temperature at several points below the wjuilibrium solid/liquid position were 
determined in the 4 wt% Bi alloy. The following procedure was adopted for this 
purpose. The thermocouple sheathed in 3 mm ID vycor is lowered until it touches the 
solid/liquid interface corresponding temperature reading was noted. Then the chill 
water impinging onto the crucible was turned off. As a result of stopping the cooling 
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water-spray on the specimen, the solid/liquid interface recedes to a lower position, i.e. 
close to the crucible bottom. After 5 minutes the thermocouple is lowered to a desired 
point above the new solid/liquid interface position. Then the chill water is turned on 
again so that the solid/liquid interface moves iq) to the previous position in the 
specimen in a few minutes of time. The corresponding temperature reading in the 
potentiometer was noted at that position of thermocouple tip below the solid-liquid 
interface. The chill water is again put off, the thermocouple is positioned at a different 
depth. Now the chill water was put on again. The temperature corresponding to that 
position of the thermocouple was noted after steady state has been reached. The above 
procedure is repeated at different positions of the thermocouple tip below the 
equilibrium solid/liquid interface in the solid with chill water on. The corresponding 
data is shown in Appendix A (Table A. 8). -The temperature profile in the solid and the 
liquid regions for 4 wt% Bi alloy is shown in Figure 3.9. The temperature gradient in 
the liquid for 4wt% Bi alloy is measured from the plot in Figure 3.9 is T.S'C/mm. 
These measurements were made to calculate the heat transfer coefficient. 

Variation of temperature with time was measured at two positions below the 
equilibrium solid/liquid interface starting from the time when the water flow is the 
chill ring was restarted. The temperature was noted down every 30-40 secs till the 
temperature reached a steady state value. Figure 3.10 shows the variation of 
temperature with time for the two positions, 0.89 cm and 2.85 cm below the 
solid/liquid interface respectively. The data for the temperatures recorded is shown in 
Appendix A (Table A.9 and A. 10). 
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Figure 3.9: Temperature profile in the solid and liquid regions for 4 wt /o Bi alloy. 


36 




Time , seconds 


Figure 3.10; Variation of temperature with time for 4 wt% Bi alloy. 




3.5.6 Directional Solidiflcation Runs 


The rate at which the crystalline solid is formed in a cooling melt is 
determined by the rate at which heat is removed. If the latent heat is not removed by 
conduction processes, it eliminates the supercooling and suppresses the solidification 
process. The directional solidification of the alloy is achieved by moving the furnace 
with the chill assembly at different rates with a predetermined flow rate of water in 
the chill, so that the thermal environment was always the same. Four approximate 
growth rates were pre-selected for different lengths of each run. The thermocouple 
sheathed pyrex tube was used to locate the position of the Solid/Liquid interface at the 
beginning of the run. Then this thermocouple was pulled up several centimeters and 
left there. A mark was made on the fiimace before the run. The initial position of the 
mark was noted in the cathetometer. The speed of the electric motor was controlled 
with a ten turn potentiometer. Desired speeds of the furnace were set using the speed 
control potentiometer. Finally the motor switch was turned on for the directional 
solidification to start. The stop watch was also hiraed on immediately. After a desired 
length had solidified at the preset growth rate, die q>eed of the motor was changed 
suddenly to a new value by changing the potentiometer setting of the controller, the 
time of this speed change was noted and the stopwatch was again turned on. Thus the 
change in growth velocity fix>m one value to another was instantaneous. The 
caftietometer readings are also noted at the beginning and the aid of different rato of 
freezing. The actual ^jeed with which the furnace was moving was calculated from 
the cathetometer readings taken during different rates of fi-eezing (by tracking the 
index mark on the furnace through the telescopic sight of the cathetometer) and the 
time taken by the furnace to travel that distance, with the help of a stopwatch. During 
the run, the inlet water temperature and the outlet water temperature was measured . 



After the solidification run is completed, the power supply and the chill water was 
turned off. The argon gas supply was stopped after the furnace temperature came 
down to 100 °C. The cracible with the directionally solidified ingot was carefully 
withdrawn from the fiimace. It was then broken in order to recover the directionally 
solidified ingot. One ingot each for 2wt% and 4wt% Bi was directionally solidified in 
this maimer. The corresponding data for the runs are given in Table 3.1, Table 3.2. 


Table 3.1: Determination of actual freezing rates for 2 wt% Bi alloy. 


Sr. 

No 

Potentiometer 

setting 

Time interval 
in sec 

Cathetometer 
readings in cms 

Diff. bet. 
Cathetometer 
in cms 

Actual 
freezing 
rate in 
pm/sec 

1. 

3.902 

573.5 

Initial 16.69 
Final 18.69 

2 

34.87 

2. 

3.990 

123.0 

Initial 18.69 
Final 22.19 

3.5 

284.45 

3. 


685.0 

Initial 22.19 
Final 25.34 

3.15 

43.79 

■ 

3.970 

261.2 

Initial 25.34 
Final 29.379 

4.039 

154.63 


Table 3.2: Determination of actual freezing rates for 4 wt% Bi alloy. 


Sr. 

No 

Potentiometer 

setting 

Time interval 
in sec 

Cathetometer 
readings in cms 

Diff. bet. 
Cathetometer 
in cms 

Actual 
freezing 
rate in 
pm/sec 

1. 

3.898 

708.5 

Initial 16.57 
Final 18.77 

2.2 

31.05 

2. 

3.984 

126.2 

Initial 18.77 
Final 22.07 

3.3 

261.49 

3. 

3.917 

287 

Initial 22.07 
Final 25.37 

3.3 

114.98 

■ 

3.898 

340.5 

Initial 25.37 
Final 27.57 

2.2 

64.61 


While trying to measure the temperature profile in the solid at various points 


below the solid liquid interface, pyrex for 2wt% Bi-Run 1, the Pyrex cmcible with the 
molten alloy in it, was exploded and about 40% of the molten alloy fell into the cast- 
iron block. The cmcible material used was pyrex. Another attempt to find the 
temperature profile in the solid, was made for 2wt% Bi- Rim 2 with the molten alloy 






















































in pyrex crucible. The crucible got cracked at the bottom. The experiment was 
stopped. The solidified ingot was taken out of the cracked crucible and kept in another 
pyrex crucible, and run 3 was carried out. Because of this, a Quartz crucible was used 
for 4wt% Bi alloy directional solidification run. 

3.6 Specimen Preparation and Observations 

The Directionally solidified ingot was cut into pieces using a slicing holder 
and moimted using cold mounting material. The longitudinal and transverse sections 
of ingot prepared by grinding, polishing and etching for metallographic examination. 
PDS measurements were done on longitudinal sections. A few of the samples were 
further prepared for solute redistribution studies using an Electron Probe Micro 
Analyzer. 

3.6.1 Slicing of the Ingot 

Microstructiu-al studies were carried out on both longitudinal and transverse 
sections of the directionally solidified ingot. The change in the primary dendrite arm 
spacing at different rates of fireezing were measured. Therefore, it was necessary to 
part the cylindrical ingot longitudinally into two halves. Then, one of the halves was 
cut at different lengths, to observe the transverse section. For cutting the ingot a 
slicing holder was used. The schematic of the slicing holder is shown in Figure 3.1 1. 
Two different holders wetc used as the diameter of the two ingots were different. It 
consists of a slot of one millimetre width at the center which acted as a guide for a 
manually operated jeweler’s saw while slicing through the specimen. The slicing 
holder was held in a bench-vice. 





Ample care was taken to include the initial solid/liquid interface position in the first 
piece of the ingot. Small notches are made on the two longitudinal sections cut, at 
various distances from the bottom of the ingot, at the points where a change in 
freezing rate had been effected. While cutting the ingot half into smaller lengths, care 
was taken to cut it sufficiently away from the points where a change in fi-eezing rate 
had been made. 

3.6.2 Mounting 

For microstructural observations each of these pieces are mounted on a cold 
setting mounting material. Powdered resin was mixed with hardener in a 1:1 ratio and 
a thin paste was made. Before mounting the sample, the longitudinal section of the 
sample was ground to a flat face. A thin double sided adhesive t^e was placed in the 
mold and then the sample was made to stick to the tape. This is to prevent the sample 
from any movement when the resin was poured over the sample to fill the cavity. 
After nearly twenty minutes the resin paste had polymerised into a hard mass and 
there by holding the sample in place. Before mounting, the mold cavity was greased 
for easy removal of the mounted samples. The specimen number and the direction of 
growth were marked on each mounted sample for identification. In a majority for 
cases two specimens were mounted in each mold of 1 j " or 1 j " dia. The specimen 
lengftis varied approximately between 2-3 cms. 

3.63 Specimen Preparation for Optical Microscopy 

The mounted samples ware given rough grinding on a belt grinder for 
revealing the transverse and longitudinal sections. Care was taken to see that the 
transverse mid longitudinal sections are feirly orthogonal to each other. Any sharp 



edge or extension of the mounting material was smoothai out during belt grinding. 
Then the samples were subjected to emery p^er polishing. Application of pressure 
was avoided in order to preserve the solidification stmcture which would otherwise be 
lost by siuface recrystallisation due to heat of friction. Polishing on emery papers was 
done only along one stroke in a sequential order from coarse to finer i.e. 1/0 to 4/0 
size. The direction of polish was changed through 90 degrees while going for next 
finer emery paper. Final polishing was carried out on a polishing wheel using the fine 
MgO suspension (OP-S suspension of struers) on a polishing cloth. The scratch free 
polished samples w^re cleaned thoroughly first with tap water followed by distilled 
water. The clean specimens were then subjected to etching. The etchant used was of 
the following composition : 

Potassium dichromate : 1 gram 
Concentrated hydrochloric acid : 6 to 8 cc 
Distilled water : 86 cc. 

Etching was found to be more efficient if the etchant was poured on to the specimen 
so as to gently flow over the polished surfaces instead of just dipping the specimen 
into the etchant. A batch of etchant was used for etching 3-4 samples before being 
discarded. The etched specimens were cleaned off of the etchant first with tap water 
and then with distilled water. A little methanol was squirted on the specimen and then 
it was dried by the blower. 

The technique of alternate polishing and etching helped in obtaining a 
satisfactory microstructure. 

The etched sample was taken for measurement of primary dendrite spacing. 
The sample prepared was mounted on a glass slide with plasticene with the help of a 
specimen mounting press so that the surface under observation remained parallel to 



the total plane of the microscope. The microstmcture of the etched sample was first 
observed in a Nikon Stereoscopic zoom microscope, at low magnifications. Both the 
longitudinal as well as transverse sections were observed. The observations carried 
out in a longitudinal section was to note the number of grains present through out the 
sample and their orientation with respect to the longitudinal edge. The grains are so 
selected that they can be clearly followed from the bottom of the specimen to its top 
for further observation of PDS in an optical microscope. Photographs were taken on 
both the longitudinal and transverse sections near the common edge for the 
measurement of angles made by the plate-like dendrites with the edges. The angles 
are required in determining the true primary dendrite spacing. 

3.6.4 Measurement of Primary Dendrite Spacing 

A convenient and widely used measme of the effects of solidification 
conditions on dendrite structure is dendrite arm spacing. In the present work primary 
dendrite arm spacing measurements were carried out. The primary dendrite arm 
spacing were plate-like and sufficiently distinct to make reasonably accurate 
measurements. 

Apparent primary dendrite arm spacing measurements were carri^ out with 
the help of a micrometer eyepiece fitted to one of the eyepiece tubes of a binocular 
microscope (‘CENSICO* make). The specimen was alligned parallel to the «ige of 
the glass slide prior to pressing. The binocular microscope is fitted with a mechanical 
stage, with verniers for movement in x & y directions. The edge of the specimen was 
aligned parallel with one of the stage verniers. The position of one end of each sample 
was noted on the vernier which is taken as the reference point for distances on that 
sample. PDS measurements were made approx, at every 2 mm intervals. The 



micrometric eyepiece measurements were recorded and the number of dendrites for 
each observation were noted which gave the average dendrite spacing at that point 3 
to 4 observations of PDS were made at each interval of 2 mm. The re^ings are 
presented in Appendix D (Tables D.l and D.2) and an average PDS for that location. 

True dendrite arm spacing measurement 

The grains selected for measurement on the longitudinal section should be 
visible on the transverse section also. These were photographed at the common edge 
on both longitudinal and transverse sections. A line is drawn parallel to the plate like 
dendrites and another line is drawn along the common edge on the photographs of 
transverse and longitudinal sections. The angles by the plate like dendrites on the 
longitudinal and the transverse sections are measured directly on the photographs for 
the calculation of ‘K’ the multiplication factor to get true lamellar spacing [24]. The 
calculation of K are given in Appendix C (Table C.l) 

3.6.5 Specimen Preparation for Electron Probe Micro analyzer (EPMA) 

2 wt% and 4wt% Bi samples are pr^ared for qualitative analysis in EPMA. 
For standards, Sn and Bi pellets of 99 . 99 % or b^er purity were taken and remounted 
in 1.25 inch diameter molds with some of the already mountai Sn-2wt% Bi and Sn- 
4wt% Bi samples selected for investigation on EPMA (JEOL 8600). The samples 
were prepared again by polishing and etching as was done for samples for optical 
microscopy. For analysis on EPMA, the etching was much lighter. Care was taken not 
to etch the standard Sn and Bi pallets. 6 samples were prepared for analysis in EPMA. 
The position of changes in freezing rate were marked on the samples by a light 
scratch mark using a sharp pin. 



3.6.6 Measitrements on Electron Probe Micro Analyzer 

The samples so prepared were used for quantitative analysis in the EPMA. 
Pure (99.99% or better) Sn and Bi pellets were used to get the X-ray count for 
standards, before making observations on the respective samples. All measurement 
were done on the longitudinal sections of the specimens. Photographs were also taken 
of the areas where measurements were made. 


Area analysis was done for different samples at different points to get the 
average composition. Three area scans were taken one each on sample numbers a2 
and a3 (both were 2 wt% Bi alloys) and b2 (4wt% Bi). Figure 3. 12 and 3.13 show the 
photographs of the area where area analysis was carried out on a 2 wt% Bi alloy 
(sample a3) about 1 1.5 cms from the bottom of the ingot. The areas were so chosen as 
to include atleast 4-5 dendrite plates so that an average composition at that point in 
the ingot is obtained, the compositions of the alloy as obtained from area analyses is 
shown in Table 3.3. Figure 3.14 shows the area where area scan has been taken for 
sample b2 (4wt% Bi) and the corresponding composition is given in Table 3.3. A 
large difference between the nominal composition (according to the weights of the 
two componaits taken for making the alloy) ami the composition’s determined by 
EPMA for observation numbers 1 mad 3, could be due to a possible error in obtaining 
correct count on the standards. 


Table 3.3: Composition of the alloy obtained from area ana^sis 


S.No 

Sample 

identification 

Position of scannol area 
w.r.t. die ingot bottom, 
cms 

Nominal wt% 
Bi in the 
alloy 

Wt% Bi 

1. 

Sample a3 

11.5 

2 

■BSiH 

2. 

Sample a3 

8.97 

2 

IIIIIIIE&^e^^ 

3. 

Sample a2 

7.03 

2 


4. 

Sample b2 

5.60 
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Figure 3.12: Area analysis for sample a3 (2 wt% Bi) at the top end of the sample. 



Figure 3.13: Area analysis for sample a3 (2 wt% Bi) at the bottom end of the sample. 


Figure 3.14: Area analysis for sample b2 (4 wt% Bi). 


Point analysis was done along the length of a dendrite of interdendritic region 
for the samples of 2 wt% and 4 wt% Bi alloys. This point analysis was carried out on 
both sides of the point of expected change in freezing rate. Bismuth concentration was 
determined by EPMA at intervals of about 100 p over a total length of about 20(K) p. 
The scan was taken along the center of the plate-like daidrite on the longitudinal 
section of sample a3(2 wt% Bi) of about 10.26 cms from the bottom of the ingot. The 
Bi concentration data is presented in Appendix E (Table E.l). The dendrite plates 
were j^proximately alligned along the X-axis at the time of placing the specimen in 
the sample holder of the EPMA. Since die ^jecimen holder cannot be rotated, so a 
small adjustment was necessary on the y-axis so as to remain close to the centre of the 
dendnte plate (seen as a white band in the microstracture). Figure 3.15 shows the 
variation of Bi concentration with distance for sample a3. The freezing rate to the left 
of the arrow mark is 284 pm/sec and to its right is 45.9 pm/sec. 





Figure 3.15: Variation of Bi concentration with distance for sample a3 (2 wi% Bi alloy). 


A similar point scan was taken on the sample a2 (2 wt% Bi) over an interdendritic 
region (seen as a dark band separating two ‘white’ bands in the microstructure) about 
6.9 cms from the bottom of the ingot. A small adjustment was necessary on the y-axis, 
to scan along the center of the interdendritic band. Figure 3.16 shows the dark 
interdendritic band (just above the horizontal marker line) over which the scan was 
taken. 



Figure 3.16: Line scan taken over interdendritic band for sample a2 (2 wt% Bi). 

Table E.2 of Appendix E shows the Bi concentration data for this sample. 
Figure 3.17 shows the variation of the Bi concentration along the length of the 
interdendritic band The freezing rate to the left of the arrow mark is 34.87 pm/s and 
to its right is 284 pm/s. 






Point scans were taken approximately perpendicular to the dendrite growth 
direction across two dendrites on sample a2 (2 wt% Bi) and b2 (4 wt% Bi). The scans 
were taken on the longitudinal sections at 10-15 p intervals covering approximately 
two dendritic plates. Figure 3.18a and 3.18b show the photographs of the region 
where the scans were taken. The end point of the scans are denoted by markers on the 
photographs. The tables of concentration vs. distance data of these two samples are 
given in Tables E.3 and E.4 of Appendix E. The concentration vs. distance plots are 
given in Figures 4.11 and 4.12 under the chapter ‘Results and Discussion’. 



Figure 3.18a: Point scan taken across two dendrites for sample a2 (2 wt% Bi). 



Figure 3.18b-- Point scan taken across two dendrites for sample b2 (4 wt% Bi). 


Chapter 4 

Results and Discussion 


The 2 and 4 wt% Bi alloys, which were directionally solidified, were subjected 
to microstructural examination and other measurements. The microstructural 
observations basically involved apparent Primary Dendrite Spacing (PDS) 
measurements. The discussion in this chapter is divided into primary dendrite spacing, 
mechanism of adjustment of primary dendrite spacing to j&eezing rate changes, solute 
redistribution during dendritic solidification and calculation of heat transfer 
coefficient. 

4.1 Primary Dendrite Spacing (PDS) 

There is a direct correlation between primary dendrite spacing and freezing 
rate. Thus, the fineness of dendrites can be controlled by controlling the freezing rate. 
In the present work, the spacing between primary platelets are measured. The primary 
dendrite spacing were measured perpendicular to their traces in the longitudinal 
section. Primary dendrites grow approximately parallel but opposite to the heat flow 
direction. Figure 4.1 and 4.2 show the longitudinal and transverse sections 
respectively, of a Sn-2wt% Bi alloy. From the appemance of the transverse and 
longitudinal section it is obvious to say that the dendrites are plate like and not rod- 
like in appearance. From the Figure 4.1 at the straight edge the grains are shown as 
number 1 , 2 and 3. The orientation of platelets in different grains is different. 




Figure 4. 1 : Longitudinal section of Sn-2 wt% Bi alloy. 
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Figure 4.2: Corresponding Transverse section of Sn-2 wt% Bi alloy. 


The primary dendrite plates appear as relatively white bands separated by 
darken etching interdendritic regions. The apparent primary dendrite spacing is the 
distance between the centers of two consecutive white bands. From the apparent 
primary dendrite spacing, the true primary dendrite spacing is calculated. The true 
dendrite spacing is calculated using the angles that the traces of dendrites make in 
longitudinal and transverse section as explained in Appendix C. 


The true primary dendrite spacing (PDS) has been plotted against distance 
from the starting position of the solid/liquid interface. The starting position of the 
solid/liquid interface is the position where the solid/liquid interface was in d 3 mamic 
equilibrium in the ingot before the directional solidification was started. Typically, the 
starting position of solidriiquid interface was 4-5 cm above the bottom of the ingot. 
The starting position of solid/liquid interface is shown in Figure 4.3 for a Sn-2 wt% Bi 
alloy. 




The PDS for the two ingots Sn-2 wt% and Sn-4 wt% Bi are given in Figure 4.4 
and Figure 4.5, respectively. The sketch of each ingot has also been drawn on the 
plots. The hashed portions on the sketch of the ingot indicate the loss of ingot during 
cutting, grinding and polishing. The downward arrow marks on the x-axis indicate the 

changes in freezing rates as calculated from the cathetometer readings of the 

« 

movement of the furnace. Thus the arrows indicate points where a change in the rate 
of furnace movement was effected by changing the setting in the controller of the 
driving motor. The vertical solid lines on the graph have been drawn at the points 
where the PDS begins to respond to the changed freezing rate (the rate at which the 
solid/liquid interface moves) as a result of a change in the rate of furnace movement 
The fact that the arrow marks and the vertical lines are at different locations indicates 
that the solid/liquid interface takes sometime to respond to a change in the furnace 
movement rate. 

As seen from the Figures 4.4 and 4.5 there is always a mismatch between the 
imposed change in freezing rate (by changing the rate of movement of the furnace 
relative to the specimen) and the actual change in the freezing i.e. the rate of 
movement of the solid/liquid interface. The solid/liquid interf^e is assumed to be 
nominally planar for the two runs. The photogr^h in Figure 4.3 shows the 
microstructure around the solid/liquid interface. The solid/liquid interface appears 
planar and normal to the growth direction. From the plots in Figures 4.4 and 4.5 it is 
seen that the solid/liquid interface during the period of directional solidification 
differs markedly from the furnace speed. 
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Figure 4.5: Primary dendrite spacing with freezing rate for Sn- 4 wt% Bi alloy. 



Initially it is assumed that the solid/liquid interface moved with the same speed as that 
of the furnace speed by comparing the present set-up with that of the other set-up [23]. 
But this is during steady state solidification only. 

Figure 4.4 for 2 wt% Bi alloy shows that the distance travelled by the 
solid/liquid interface when there was an increase in freezing rate, is smaller than that 
travelled by the furnace. When the fiimace speed is increased from 43 pm/s to 284 
pm/s, the distance travelled by the interface is only 25.5 mm while the distance 
travelled by the fiimace is 35 mm (a difference of 27 percent). The actual freezing rate 
change of solid/liquid interface always occurs aftCT the change of speed imposed on 
the furnace. On the other hand, when the furnace speed is suddenly decreased to a 
slower speed, the distance travelled by the interface will be larger than that travelled 
by the furnace. This is, because the solid/liquid interface gradually attains the newly 
imposed slower speed. When the furnace speed is decreased from 284 pm/s to 45.9 
pm/s, the distance travelled by the solid/hquid interface is 32.5 mm, whereas the 
furnace travelled only 31.5 mm (a difference of about 3 percent only). Thus, when the 
furnace speed is reduced, the soliddiquid interface travels larger a distance than that 
travelled by furnace at diis reduced speed. Conversely, when the fiimace ^eed is 
increased, the solidyliquid interface travels lesser distance than that travelled by the 
fiimace at this increased speed. 

Figure 4.5 for 4 wt% Bi alloy shows dial whai the furnace speed is increased 
from 31 .05 pm/s to 261.4 pm/s, the distance travelled by the interface is only 22 mm. 
While the fiimace actually travelled 33 mm (a difference of 33%). The interface lags 



by 10 mm. When the furnace speed was suddenly decreased to 114.98 pm/s from 
261.4 pm/s the distance travelled by the interface is 37.5 mm while the furnace moved 
only 33 mm (a difference of about 14%). Thus it is seen that the distance travelled by 
the solid/liquid interface during a slower speed (when reduced from a faster speed) is 
larger than that travelled by the fiimace. Conversely, if the furnace speed is increased 
from a slower speed, the distance travelled by solid/liquid interface is smaller than 
that travelled by the furnace. 

A similar behaviour of the solid/liquid interface movement w.r.t. the 
movement of the furnace has also been reported by Clyne [1] in a similar experiment. 
Commercial purity Aluminum was used for directional solidification by Clyne. They 
have reported that the steady state growth rate of the solid/liquid interface differed 
from that of the furnace by upto 30%. It was observed that the divergence between the 
velocities of growth front and furnace tends to become smaller for higher traverse 
speeds. They have employed same furnace speed through out a run and have reported 
that the length solidified was smalla- than the distance traversed by the fiim^e at 
higher velocities, while die length solidified was greater than the distance covored by 
the furnace at slower velocities. 

On the other hand Sarreal etal. [20] have rqrorted that the variation in the 
velocities of interface and crucible differed by iqito + 10 % for crucible velocities of 


0.001 to 1 cm/s for Al-Cu alloys. 



The response of solid/liquid interface with the movement of the furnace was 
also reported by Fu et.al. [11]. It was found that when the furnace movement rate was 
increased, the solid/liquid interface travels smaller distance than the distance travelled 
by the furnace. They have presented a numerical solutions and have found that with a 
step function increase in furnace movement rate it takes some time for the interface to 
reach a new equilibrium position. 

It is seen from Figures 4.4 and 4.5 that the primary dendrite. Spacing is larger 
with a lower freezing rate and is smaller at higher freezing rates. While, when the 
furnace traverse rate is changed abmptly to a new rate, the PDS appears to change 
gradually. The freezing rate was either made to decrease or increase abraptly after the 
ingot had solidified for a certain length. Figure 4.6 shows the immediate change in 
PDS when the freezing rate was suddenly increased from 45.9 pm/s to 1 54 pm/s for a 
2wt% Bi alloy. 



Figure 4.6: Immediate increase in PDS with increase in Freezing rate. 



The primary dendrite spacing is seen to decrease with an increase in freezing rate and 
then reaches a new steady state value. Similarly if the freezing rate is decreased, the 
primary dendrite spacing increases, and then reaches a new steady state value. Figures 
4.4 and 4.5 do not show a regular and continuous change in PDS with freezing rate 

i 

because of the nature of measurements involved and normal local fluctuations 

I 

involved. But the overall trend of the curve shows an increasing or decreasing PDS 
with change in fi'eezing rates. It is assumed that PDS reaches a steady state value as it 

i 

I 

continues to solidify at the same freezing rate. 

The steady state primary dendrite spacing value for each freezing rate is given 
in tabular form in Table 4.1. The values are then plotted in Figure 4.7a and 4.7b on 

I 

log-log graph. The Figure 4.7 shows the results of two earlier references also. The 
data points exhibited a linear fit with a negative slope of 0.314 in case of 2 wt% Bi 
and 0.33 in case of 4 wt% Bi for the present woric. The negative slopes obtained 
earlier by ref. [23] was 0.395 for 2 wt% Bi and 0.448 for 4 wt% Bi. The negative 
slope obtained by ref [25] was 0.366 for 2 wt% Bi. The experimentally deteminai 
values of the exponent ‘m’ compare well with those of other workers on the Sn-Bi 
system and also with the fiieoretically proposal value of -1/3 to -1/2 by different 
workers. 

Table 4.1: 

I 







• Present work 
< Ref. 2-3 
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Figure 4.7b; Steady state PDS values with Freezing rates for 4 wt% Bi alloy. 




4.2 Mechanism of Adjustment of Primary Dendrite Spacing to Freezing Rate 
Change 

As suggested by Flemmings [14] one of the mechanism fiDr spacing adjustment 
is a tertiary becoming primary as shown in Figure 2.2. In the present investigation it is 
found that this mechanism is operating as seen in Figures 4.8, 4.9, 4.10. Figure 4.8 
shows the primary arm becoming a tertiary arm (marked as ‘ T in Figure 4.8) and the 
tertiary arm again becoming a primary arm (marked as ‘2’ in Figure 4.8). Figure 4.9 
shows the primary arm becoming a tertiary arm (marked by arrows in Figure 4.9). 
Figure 4.10 shows a primary arm becoming a tertiary arm at higher magnification 
(marked by arrow). In these figures, the coareer (thicker) dendrites on the left were 
growing at a freezing rate of 45.9 pm/s in the 2 wt% Bi alloy. The new freezing rate 
imposed abruptly was 154 pm/s. The dendrite spacing must decrease since the local 
solidification times decrease and so the diffusion distances for the solute also 
decrease. This decrease in primary dendrite spacing occurs by new primary dendrites 
growing from the tertiary arms of the existing primary dendrites. It was also observed 
that once a tertiary becomes a primary it behave as a new primary to the extent that 
new primaries grow from its tertiary arms as shown in Figure 4.8. 

4.3 Solute Redistribution 

Electron Probe Micro Analyzer was used to determine the vanation of Bi 
concentration from the centre of a i»imaty d^te to the interdendritic region. The 

' , i' ? ■:- f ' 
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plots of point scans taken approximately petpendicular to the dendrite growth 
direction across two dendrites on sample a2 (2 wt% Bi) and sample b2 (4 wt% Bi) is 

shown in Figure 4.1 1 and 4.12 respectively. 




Figure 4.8: Photograph showing the Tertiary->Primary change. 



Figure 4.9: Photograph showing the r Tertiary 
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Figure 4. 1 0: Photograph showing the . , at high magnification. 
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Figure 4.12: Point scan across two dendrites on sample b2 (4 wt% Bi). 



The two peaks in. Figure 4. 1 1 corresponds to the two interdendritic regions which 
appear as regions which appear as dark bands in the photograph taken in the EPMA of 
this area. Figure 3.18a and 3.18b shows the points between which the Bi concentration 
was determined at intervals of 10-1 5pm for 2 wt% and 4 wt% Bi. From Figure 4. 11 it 
is seen that there is a considerable change in concentration of Bi from dendritic 
centers to interdendritic regions. The maximum concentration of Bi in the 
interdendritic region goes upto 1 1.1 wt% as determined in the EPMA. At the center of 
the dendrite, the concentration of Bi is expected to be 1.28 wt%, from theoretical 
considerations (see Appendix F). However, a low of 0 wt% Bi has been obtained at 
the center of the dendrite by the EPMA. The EPMA determination appears to be in 
error since the concentration of Bi is quite low. The distance between the two peaks 
corresponds to the primary dendrite spacing at that point, which is 6.9 cm from the 
bottom of the ingot. The PDS as measured directly with the micrometer eyepiece was 
98.6 pm at this point. The distance between the two peaks, which corresponds to the 
primary dendrite spacing obtained from Bi concaitration plots, is approximately ICK) 
pm. Thus, there is excellent match betweai the direct measurement and the width of 
PDS obtained from Bi Concentration distribution. A theoretical expression for solute 
redistribution for dendritic solidification has been proposed by Sarreal et.al. [20], 
Solute concentrations have been calculated usii^ this expression for the pr^ent 
system. These calculated concentrations have been superimposed on the plots based 
on EPMA determination in Figure 4 . 11 . The two match very well given the fact that 
the theoretically calculated plots are based on several idealizations of the system. The 
equation and data for the calculation of concentration for solute in the solid (C at 
various fractions solidified are given in App^dix F (Table F.l). The calculated C , vs 


curves represents one half of the dendrite spacing (from the centre of the dendrite (f, 
= 0) to the centre of interdendritic region (]^ wl). 

Similar analysis was performed on sample b2 (4 wt% Bi) as diown in Figure 
4.12. The point where the Bismuth redistribution was measured in the EPMA was 
5.85 cm from the bottom of the ingot. The points marked on Figure 3.18b are tho^ 
between which the Bi concentration was measured at 10-15 pm intervals. The PDS 
spacing as measured using the micrometer eyepiece is 139 pm. The distance between 
the two peaks in Figure 4. 12 is approximately 120 pm based on EPMA determination. 
This difference between the PDS determined directly with the micrometer and that 
from EPMA may be due to local variation in dendrite spacing in the microstracture. 
Figure 4.12 shows the similarity between the Bi concentration from EPMA and that 
calculated on theoretical basis. Concentration of Bi at the center of die dendrite was 
2.05 wt% . This compares well with the minimum concentration of 1.7 wt% Bi 
determined by EPMA. The equation and data for the calculation of cOTcentration of 
solute in the solid (C*J and the fraction solidified (Q is given in Aj^dix F (Table 
F.2). 

4.4 Effect of Abrupt Change in Freezing Rate on Solute Concentration in the 
Liquid Ahead of the Dendrite Tips 

Based on theoretical considerations, the solute concentration variation in the 
mushy zone and in the liquid in front of the growing dendrites is expected to be as 
shown in Figure 2.3. Thus there is a boundary layer of liquid, which is enriched with 
respect to the solute, and the concentration of the solute varies from C, at the growing 
tin<! tn C. Tthe average alloy composition) far away into the liquid. Kurz et.al. 


[26] have proposed a simple method to compute the excess solute contained in this 
enriched layer (see Appendix G). It turns out that the solute concentration in the liquid 
at the dendrite tip (C^) is a function of freezing rate besides other parametere. Thus for 
the same alloy composition Q expected to be different at different freezing rates. And 
therefore the amount of excess solute in the boundary layer will also be different. An 
interesting result of an abmpt increase in freezing rate is that C, as well as excess 
amount of solute decrease, compared to what they were at slower freezing rates. This 
means that the difference between the two amounts of solute will be rejected out of 
the solute enriched layer as this boundary layer adjusts to the new increased freezing 
rate. Appendix G shows the calculated values of Q and the excess solute in the 
boundary layer for the 2 wt% Bi alloy for 45.9 pm/s and 154 pm/s freezing rates. The 
calculations show that about 75 percent of solute contained in the enriched boundary 
layer at a freezing rate of 45.9 pm/s must be rejected when the freezing rate is 
abruptly increased to 154 pm/s. 

Smith et.al. [27] have carried out a theoretical analysis for the re 3 a:tion of 
solute due to abrupt change in freezing rate for the case of plane front directional 
solidification. Assuming that the same analysis holds in the i^esent case, the rejected 
amotmt of excess solute is expected to increase the solute concentration of the solid as 
shown in Figure 4.13. This curve is r^roduced from Smith et.al. for an increase in 
freezing rate by 5 times and for a system with solute partitioning coefficient (K) as 
0.5. For the present system case undo- consideration foe iiwrease in freezing rate was 
3.3 times and the value of K for Sn-Bi alloy is 0.37. In order to check whether such a 
solute enriched ‘band’ exists in the solid at the point of abrupt change in freezing rate 




Figure 4.13: Transient solute distribution in solid resulting from an instantaneous 
change in growth velocity from R, to R, at location x, (after Smith et.al. 
[27]). 

an EPMA scan was taken along the interdendritic region on both sides of the point of 
change in freezing rate. The dendrite was chosen which was growing continuously in 
both regions of the freezing rate. Figure 4.14 shows the Bi concentration variation 
with distance near the interdendritic region over a total length of 1700 pm (400 pm on 
the slower freezing rate side and 1300 pm on the faster freezing rate side. The arrow 
indicates approximate position of the point where the rate of movement of solidliquid 
interface changed abruptly. The theoretical calculations based on Smith’s analysis 
indicates that this width of the solute enriched ‘band’ will be approximately 500 pm 
from the point of abrupt change in freezing rate. The EPMA determination of Bi 
concentrations were made at 50p intervals as seen in Figure 4.14. 




Figure 4.14; Bi concentration variation with distance near the interdendritic region. 


It is difficult to say from the plot in Figure 4.14 whether a solute enriched 
‘band in there or not. If it is there, it appears to have been madced by the fluctuations 
in the Bi concentration, owing to other reasons. Further, the theoretical calculations of 
the solute enriched ‘band’ are based on the plane front solidification and not for 
dendritic solidification. At present, an analysis similar to that by Smith et.al. [27] is 
not available for dendritic solidification. It is possible that the solute redistributes 
itself very differently than in the case of plane finnt solidification when an abrupt 
change in freezing rate is imposed. Figures 4.15a and b show the dendrite over which 
point analysis was made. The electron beam has left marks at the points of analysis 
and they are visible in Figures 4. 1 5 a and b. 






Figure 4.15: Point analysis near the interdendritic region for sample a4 (2 wt% Bi 
alloy. 

4.5 Calculation of Heat Transfer Coefficient 

The temperatures determined at point below solid/liquid interface in the solid 
re^on was used for determination of heat transfer coefficiaat. The rate at which heat 
was removed by spray water was calculated from the rise in tempCTature of ^ray 
coming out of the chill ^ray. The temperature of the ^ray watCT rises is a result of 
the heat transfer from the outside surface of the glass crucible where the water spray is 
hitting it and also the portion below it over which the spray water flows down. The 
details of the calculations are giv®i in Appendix H. The average he^ transfer 
coefficient for the vycor crucible is found to be 0.0314 cal/cm /°C/sec. Several 
empirical relations are available in the literature for the calculation of heat transfer 
coefficient one such relation by Kern [21] has been used to calculate the heat transfer 


coefficient as given in Appendix H. The value calculated ftom this empirical relation 
comes out to be 0.012 cal/cm^l“C/sec. The above two values of heat transfer 
coefficient are comparable but obviously different. 


Chapter 5 
Conclusions 

Directional solidification has been successfully accomplished in Sn-Bi alloy 
system over a wide range of growth rates (j^proximately 30-300 pm/s) at a constant 
temperature gradient in the liquid at the solid/liquid interface. Investigation has been 
carried out for 2 wt% and 4 wt% Bi alloys in Sn. 

1 . The solid/liquid interface movement responds to the rate of furnace movement 
with some time lag. Experimentally it is seen that the distance travelled by the 
solid/liquid interface during a sIowct speed (when reduced from a faster 
speed) is larger than that travelled by the fiimace. Conversely, if the furnace 
speed is increased from a slower speed, the distance travelled by the 
solid/liquid interface is smaller than that travelled by the furnace. 

2. The primary dendrite spacing seems to have the following correlation with the 

freezing rate (R), 

XaR^ 

orX = KR"‘ 

where, K is a constant. 

-me value of -m- is found to be^.314 for 2 wt% Bi alloy an(W).33 for 4 wt% 
Bi alloy. 

3. It was observed that when there is an increase in fteering rate, the decrease in 
primary dendrite spacing occurs by new primary dendrites growing from the 

tertiary arms of the existing primary dendrites. 





4 . 


Bismuth concentration was measured from the center of a dendrite to the 
interdendritic region (normal to the direction of growth of the dendrite). The 
Bismuth concentration using EPMA and theoretically calculated Bismuth 
concentration were found to match reasonably well. 

5. The heat transfer coefficient calculated from the experimental data is found to be 
0. 13 14x10^^ watts/m^/K for the portion of the cmcible over which spray water is 
flowing. 
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Appendix A 


Steady state temperature profile along the length of the furnace at 
different variac settings. 


Table : A.1 
Variac Setting 92V 



























































































Table : A.2 
Variac Setting lOOV 















































































































Table : A3 
Variac Setting IIOV 
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Temperature ProJile Measurement Inside and Outside the Crucible for 2 wt% 

and4wt%BiaUoys. 

Table A.4 

Temperature distribution inside the crucible for 2 wt% Bi alloy 


Dist. of tc. 
sheath tip from 
fee top 

26.57 


25.67 


25.21 


24.81 


23.91 


23.65 


23.17 


22.73 


22.3 


21.88 


21.58 


21.13 


20.35 


19.6 


18.77 


17.91 


17.08 


16.16 


15.41 


14.48 


12.63 


11.79 


10.83 


9.93 


9.11 


8.06 


Dist of tc. jn 
from interface 



2.72 


3.2 


3.64 


4.07 


4.49 


4.79 


5.24 


6.02 


6.77 


7.60 


8.46 


9.29 


10.21 


10.96 


11.89 


13.74 



Millivolt output 
oftc. (in mv) 

Fee temperature 
in "C after R.T. 


correction 

8.7 

245 

9.9 

274 

10.85 

297 

11.61 

316 

12.95 

348 

13.25 

354 

13.82 

368 

14.3 

380 

14.68 

389 

15.05 

397 

15.3 

404 

15.58 

410 

16.00 

420 

16.38 

429 

16.7 

437 

16.95 

443 

17.15 

447 

17.33 

452 

17.45 

454 

17.55 

457 

17.63 

459 

17.68 

460 

17.60 

458 

17.4 

453 

17.22 

448 

16.95 

442 

16.45 

431 

16.0 

420 

14.86 

393 

14.08 

374 

13.05 

350 

12.05 

326 








































































































Table A.5 

Temperature distribution outside the crucible for 2 wt% Bi alloy 


















































Table A.6 

T emperature distribntton inside the crucible for 4 wt”/. Bi alloy 



Dist. of t.c. sheath 
tip from fee top 


26.16 


25.86 


25.65 


25.26 


24.79 


24.47 


24.17 


23.9 


23.55 


23.16 


22.84 


22.0 


21.4 


20.72 


20.1 


19.77 


18.92 


18.05 


17.05 


16.09 


14.94 


14.63 


14.08 


13.72 


13.34 


13.0 


12.24 


11.57 


11.09 


10.4 


9.75 


9.23 


Dist of tc. jn 
from interface 



1.1 


1.57 


1.89 


2.19 


2.46 


2.81 


3.2 


3.52 


4.36 


4.96 


5.64 


6.26 


6.59 


7.44 


8.31 


9.31 


10.27 


11.42 


11.73 


12.04 


12.4 


12.79 


13.12 


13.88 


14.55 


15.03 


15.72 


16.37 



Millivolt 
output of tc. 


8.67 


9.25 


9.77 


10.46 


11.15 


11.55 


12.05 


12.3 


12.7 


13.1 


13.45 


14.14 


14.56 


14.98 


15.29 


15.46 


15.78 


16.04 


16.27 


16.43 


17.35 


17.43 


17.57 


17.55 


17.55 


17.55 


17.47 


17.33 


Ml 


16.8 


16.65 


16.35 


16.07 


14.4 


12.45 


Temp in ®C after 
R.T. correction 


242.5 


257.0 


270 


287 


303.5 


313 


325 


331 


341 


350.5 


359 


376 


386 


395.3 


403 


401 


414.5 


421.0 


426 


430.0 


450 


452 


456 


455 


455 


455 


453 


450 


446 


437 


433 


426 


420 


380 


334 

































































































































Tabic A.7 

Temperature distribution outside the crucible for 4 wt% Bi alloy 


S.No. 

Dist of tc. sheath 
tip from fee top 

1 

3.67 

2 

4.68 

3 

5.69 

4 

6.72 

5 

7.64 

6 

8.68 

7 

9.6 

8 

10.17 

9 

10.7 

10 

11.2 

11 

11.7 

12 

12.2 

13 

12.7 

14 

13.2 

15 

13.35 

16 

14.01 

17 

14.92 

18 

15.83 

19 

16.77 

20 

17.75 

21 

18.7 

22 

19.69 

23 

20.37 

EH 

20.98 


21.68 

26 

22.45 

27 

22.93 

28 

24.19 

29 

24.64 

30 

25.31 

31 

25.63 

32 

26.01 

33 

26.45 


Millivolt output of 
tc. 


Temp in ®C after 
R.T. correction 



16.60 


16.98 


17.22 


17.35 


17.38 


27.68 


17.52 


17.53 


17.55 


16.9 


17.2 


17.15 


17.02 


16.9 


16.79 


16.55 


16.31 


16.13 


15.88 


15.77 


15.48 


15.25 


14.72 



416 


423.5 


432.5 


441.5 


447.0 


450 


451 


452 


454.5 


455 


455 


439.5 


447.0 


445.5 


442.5 


439.5 


437 


431.0 


425.5 


421 


415 , 


413 


406 


400.5 


388 


387.5 


380 


368 


361 


342 
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Temperature measurements at different points below the equilibrium 
solid/liquid interface for 4wt% Bi alloy 

Table A.8 

Temperature distribution inside the solid 




































Table A,9 
Cooling Curve 1 

Thermocouple tip positioned such that the top of tc. is 28.33 cms in cathetometer 



































Table A.10 
Cooling Curve 2 

Thermocouple tip positioned such that the top of tc. is 30.29 eras in cathetometer 










































Appendix B 


Determination of Position of soliddiquid interface for 2 wt% and 4 wt% alloy 
using cathetometer measurements of thermocouple. 

The following the position of solid/liquid interface with respect to the chill cap, chill 
and the bottom of the cmcible containing the ingot. 

Fixed distances for a run: 

B = height of the cork arrangement above the furnace top 

= 8.4 cm 

C = total furnace length = 38.9 cm 

E = total length of the chill assembly tube 
= 30.25 cm 

M = total length of the chill assembly tube with chill c^ on 
= 30.92 cm 

F = total length of the crucible stand 
= 42.47 cm 

I = height of the cooling ring 
= 1.62 cm 

J = depth of the blindhole at the top of the cracible stand 

= 1.4 cm 

K = distance from lower surface of annular ring to fuma:e bottom 

= 13.8 cm 

After thermocouple is inserted such that it exactly touches the solid-liquid interface 
the following variable distances are measured after equilibrium is attainted in the 
system. 

For Sn-2 wt% Bi alloy 

D = total length of the glass thermocouple sheath 

= 39.3 cm 

G = the length of the cooling assembly tube that is projecting below the lower 
surface of the annular ring 
= 5.2 cm 



H 


= the initial length of the crucible stand from the lower 
ring to the base of the stand 
= 19.3 cm 


surface of annular 


A length of the thermocouple sheath that is visible above the cork 

arrangement 
= 4.73 cm 

X = thickness of crucible at the bottom 
= 0.2 cm 

Let the solid-liquid interface be at any position after equilibrium is attained. 
Exact height of the solid/liquid interface w.r.t. the bottom of the crucible 
= {(C-(D-(A+B)) - (F-(K+H+J)} 

= (38.9 -26.17) -7.97. 


= 4.76 cm 

Exact height of the solid/liquid interface w.r.t. the bottom of the ingot ‘5’ = 5; - x = 
4.76-0.2 = 4.56 cm. 


For Sn-4 wt% Bi alloy: 

D = total length of the glass thermocouple sheath 
= 38.9 cm 

G = the length of the cooling assembly tube that is projecting below the lowar 
surface of the aimular ring 
= 5.12 cm 

H = the initial length of the cmcible staiwl from the lower surface of annular ring 
to the base of the stand 
= 19.3 cm 

A = length of the thermocouple sheath th^ is visible above the cork arrangement 
= 4.34cm 

Total length of the thermocouple sheath above the furnace top = A + B 
= 4.73 + 8.4 
= 13.13 cm 

Length of the thermocouple from the top end of die furnace 


= D-<A+B) 

= 39.3 - (13.13) 



= 26.17 cm 


Position of the top end of the chill ring from the bottom end of furnace 

= E - (K+G) = 30.25 - (13.8+5.2) 

= 11.25 cm 

Position of chill ring from top end of furnace tube 
= (C- CE - (K+G))) 

= 38.9 - 11.25 =27.65 cm. 

8c - interface position w.r.t. chill ring is 
8c = (C-(E-(K+G)))-(D-(A+B)) 

= 27.65-26.17 
= 1 .48 cm. 

5f - interface position w.r.t. top of the fee tube 
= D(A+B) = 26.17cm. 

Let the solid/liquid interface be at any position after equilibrium is attained. 

Total length of the thermocouple sheath above the fee top = A + B = 4.34 +8.4= 12.74 
cm 

Length of the thermocouple from the top end of the furnace 

= D-(A+B) 

= 38.9-12.74 
= 26.16 cm 

Position of top end of chill ring from the bottom end of furnace 
= E-(K+G) 

= 30.25 - (5.12 + 13.8) = 11.33 cm. 

Position of top end of chill ring from top end of furnace tube 

= C - [E-(K+G)) = 38.9 - 11.33 = 27.57 cm. 

New 5; = (G-(E-(K+G))) - (D-(A+B)) 

= 27.57-26.16=1.41cm^^^^^^^^^^^^^^^^ 



8j = interface position w.r.t. top of the furnace tube 


= (D-(A+B)) 

= 26.16 cm 

Exact height of the solid-liquid interface position w.r.t. the bottom of the crucible 
= [(C-(D-(A+B))) - [F-(K+H+J)]] 

= (38.9 - 26.16) - (42.47 - (13.80 + 1.4 + 19.3) 

= 12.74 -7.97 = 4.77 cm. 

Exact height of the solid-liquid interface position w.r.t. the bottom of the ingot 
8 = 6i - X = 4.77 - 0.2 = 4.57 cm. 



Appendix C 


Procedure to determine true lamellar dendrite spacing 

Figure C.l shows two mutually perpendicular sections of a directionally 
solidified specimen with the direction of heat extraction along the z axis. PM and PL 
are the traces of a plate like dendrite in the sectioning surfaces A and B. PC denotes a 
direction in the surface A and normal to PM along which the apparent P.D.S. X. is 
measured. 

If = is the true spacing then 


where K = 


sin^j 

(1 -cos^ ^^cos^ 


6{, = angle which the platelike dendrites make with the longitudinal edge. 
= angle which the platelike dendrites make with the transverse edge. 


This formula proposed by V. Bansal [24] is applicable to the PDS measurements on 
transverse section. The present work involves measurements on longitudinal s«;tions. 
Considering the geometry of the figure the reverse is true for detOTnining K factor in 
case of longitudinal sections. Now 6(, instead of the angle made by the dendrites with 
the edge of longitudinal section becomes the angle made by the platelike dendrites 
with the edge of the transverse section. This is true for 9^ also. 


i 



Figure c.l: The transverse (A) and longitudinal (B) sections m a nght-handed 

Cartesian co-ordinate system. 



Table Cl 

Angle Measurement Data 



































Table D.l 

PDS measurement data on 2 wt% Bi alloy 


Real PDS 
in jim 

136< .29 

138.3 

131.35 

128.23 

129.4 

123 

106.45 

109.3 

101.56 

110.34 

107. 

116.5 

115.5 

8680 1 

97.5 

92.5 


66660 








98660 








App. PDS 
in pm 
x(1.083)/n 

135.6 

138.3 

131.35 

128.23 

124.4 

m 

cs 

ri 06.45 

109.3 

9SI01 

110.34 

109.0 

116.5 

115.52 

00 

00 

o 

97.5 

92.45 

Dendrite 

count 

n 


r- 






Os 

00 

as 


00 

VO 

00 

00 


Micrometric reading 

Initial final DifF. 

160 786 626 

138 1032 894 

26 875 849 

120 712 592 

38.3 842 804 

25 825 800 

105 793 688 

49.5 966 916.5 

30 780.25 750.25 

50 967 917 

45 736 691 

1—4 

VO 

00 

5\ 

o 

20 660 640 

40 845 805 

80 800 720 

70 668 598 

Distance 

fi'om 

Starting 

interface 

(mm) 

r-H 

cn 



a\ 



16.6 

18.4 

20.4 

VZZ 

24.4 

26.4 

28.5 

28.7 

30.7 

Freezing 
rate in pm/s 

34.87 

34.87 

34.87 

34.87 

00 

fo 

34.87 

34.87 

34.87 

34.87 

34.87 

34.87 

00 

cn 

34.87 

34.87 
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Sample 

Identification 

cd 

"3 

"3 

*3 

r-l. 

ed 

- 
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Cd 

•a 

‘a 

*3 

*3 
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*3 

*3 

^3 
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to ir> KN U-4 O 00 


^ 2 Si O VO S S O in c4 «ri ^ Os <» fo pi 

so VO VO VO Jj^ 1/^ 1/^ VO VO 'O 'O 'O ^ VO fi; 

o 00 CS ^ CS 00 Q CJ ig ^ JO r^ fS O ^ ^ VO ^ Os 


00 O VO VO 


00 cs ^ cs 00 Q ^ iS !S iS Ei o VO OS vo cm os 

'^oo»noo^oo<5 2 2E^r^t^vot^oor^*> 

r^ VO 'O *n 'O c^ VO 

tn O’—* 00 cn ^ ^ fU 2 ^ 22 

vn O vrv O Os Os Tf vrv »— * va vn *n 


i/v ^ 2S 
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OO 00 00 00 oo 
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Compositi Sample Freezing Distance Micrometric reading Dendrite App. PDS RealPDS 

on wt% Bi Identification rate in pm/s from count in pm K in pm 

Starting x(1.083)/n 

interface 

(mm) Initial final Diff, 
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Appendix E 

Measurement on Electron Probe Micro Analyzer 


Table; E.l 

Bi concentration data taken along the length of a dendrite for 
sample a3 (2 wt% Bi alloy) 


S.No. 

X 

Y ~ 

Wt% Bi 

1 

17.952 

60.548 

1249 

2 

17.850 

60.548 

2.467 

3 

17.75 

60.548 

1.127 

4 

17.65 

60.548 

2.898 

5 

17.55 

60.548 

4.343 

6 

17.47 

60.554 

1.517 

7 

17.404 

60.550 

0.000 

8 

17.304 

60.550 

3.238 

9 

17.204 

60.526 

1.404 

10 

17.104 

60.526 

1.063 

11 

18.05 

60.544 

4.403 

12 

18.15 

60.544 

12.592 

13 

18.25 

60.551 

1.872 

14 

18.394 

60.451 

0 

15 

18.481 

60.558 

3.614 

16 

18.581 

60.558 

5.805 

17 

18.681 

60.558 

3.632 

18 

18.637 

60.582 

1.738 

19 

18.863 

60.572 

3.532 

20 

18.963 

60.572 

1.931 















































Table: E.2 

Bi concentration data taken along the length of an mterdendrite for 

sample a2 (2 wt% Bi alloy) 

















































Table: EJ 

Bi concentration data taken across two dendrites for 
sample a2 (2 wt% Bi alloy) 



X 

Y 

Wt% Bi 

52.499 

59.914 

1.211 

52.499 

59.924 

3.668 

52.499 

59.934 

3.524 

52.499 

59.944 

4.212 

52.499 

59.954 

5.878 

52.499 

59.964 

6.859 

52.499 

59.974 

7.321 

52.499 

59.954 

7.867 

52.499 

59.994 

3.328 

52.499 

60.004 

0.028 

52.499 

60.014 

3.026 

52.475 

60.024 

2.849 

52.475 

60.034 

2.028 

52.475 

60.044 

5.166 

52.475 

60.054 

3.906 

52.475 

60.070 

4.659 

52.475 

60.085 

11.098 

52.475 


7.803 
















































Table: E.4 

Bi Concentration Data taken across two dendrites for 
sample b2 (4 wt% Bi alloy) 


S.No. 

X 

Y 

Wt% Bi 

1 

66.262 

71.370 

8.461 

2 

66.262 

71.385 

5.760 

3 

66.262 

71.400 

7.273 

4 

66.262 

71.415 

5.588 

5 

66.262 

71.430 

5.559 

6 

66.262 

71.445 

3.748 

7 

66.262 

71.460 

4.931 

8 

66.262 

71.475 

5.761 

9 

66.262 

71.490 

8.165 

10 

66.262 

71.505 

9.146 

11 

66.262 

71.520 

6.808 

12 

66.262 

71.535 

4.807 

13 

66.262 

71.550 

2.197 

14 

66.262 

71.565 

4.780 

15 

66.262 

71.580 

9.010 

16 

66.262 

71.595 

5.908 





















































Table: E,5 

Bi concentration data taken near the interdendritie region for 
sample a4 (2 wt% Bi alloy) 













































































Appendix F 


Theoretical Expression for Solute Redistribution for Dendritic Solidification. 
The equation given by Sarreal et.al. [20] for solute redistribution is 

nX-I' 


Cs* = KCt 
where Cs* 

fs 

fs 

f. , 

K 

Q 

f: 




K-l 


K-\. 


IzL 

^-fso. 


= concentration of solute in the solid, 

= solid weight fraction, 

= 0 at the centre of the dendrite, 

= 1 at the centre of the interdendritic region, 

= equilibrium partition ratio, 

= composition of the liquid ahead of the dendrite tip, 
= fraction solid with a constant concentration of 


(F.l) 


( 2 . 8 ) 

where Dj^ = diffusion coefficient of solute in the liquid, 

G — temperature gradient in the liquid, 

R = growth rate, 

Cq — initial average composition, 

OTl = slope of the liquidus, 

C, = composition of the liquid ahead of the dendrite tip given as 

q =(l-a)C;. 

Calculations for Sn-2 wt% Bi aUoy: 

K = 0.37, iHl- 1.33 °C/wt% . 

G = 8.4 “C/mm, R = 34.87 pm/s. 



= 3.5 X 10"^ mm/s, Q = 2wt% Bi 


Dl 


-DiG _ -3.5xl0~^x8.4 

m^^.R.Co 1.33x34.87x10-^x2 


a = -0.316 

C. = (l-a) Q = (1 .3 16)2 = 2.634 wt% 

Q = 2.634 wt% 

C„ composition of the liquid ahead of the dendrite tip is 2.634 wt%. 

fco- Q-C, ^ 2-2.634 

CXK-\) 2.634(0.37-1) 

Substituting the values in equation F.l, 

-Dfi 

a = — 

= -3.5x10"^ X 7.8 

1.24x31.05x10-^x4 

a = -0.177 

C, = C„ (l-a) = 1. 177 X 4 = 4.709 wt% 

Ct, composition of the liquid ahead of the dendrite tip is 4.709 wt%. 

’ CAK-\) 

= 4-4.709 

4.709(0.37-1) 

= C = 0.239 

Substituting the values in equation F.l. C,* is obtained as a function fs - traction of 
solid, ‘f/ is taken from the center of the dendrite to the center of interdendritic region. 

C;= 1.742 {0 281 +0.896 


C; = 0.975 {0.501 + 0.8144 

0.618 ^ 

fj is taken from the center of the dendrite to the centre of interdendritic region, 
fj = 0 at the centre of the dendrite. 


The C, calculated from the equation is concentration of Bi across the dendrites for 
2wt% Bi. 

Table F.l 

Concentration of Bi across the dendrite for 
sample a2 (2 wt% Bi alloy) 


Sr.no 

c; 


1 

1.2825 

0 

2 

1.2825 

0.382 

3 

1.3959 

0.5 

4 

1.533 

0.6 

5 

1.7404 

0.7 

6 

2.104 

0.8 

7 

2.989 

0.9 

8 

4.36 

0.95 

9 

4.944 

0.96 

10 

5.83 

0.97 

11 

7.383 

0.98 

12 

11.16 

0.99 


The Bi concentration obtained is plotted with 
Calculations of Sn-4 wt% Bi alloys: 

K = 0.37 mL=1.24T/wt% 

G = 7.8°C/mm R = 31.05 pm/s 
G = 7.8 °C/mm R = 1.05 pm/s 

Dl == 3.5 X lO’mm/s Go = 4 wt% 



Table F.2 

Concentration of Bi across the dendrite for 
sample b2 (4 wt% Bi alloy) 















Appendix G 


Determination of excess solute in the enriched layer when the freezing rate 

increased from R to Ri. 



C, = composition of the liquid ahead of the dendrite tip 

= Co( 1 -a), where a = (-DlG/MlR Co) 

Co = initial average composition = 2wt% 

Dl = diffusion coefficient of solute in the liquid =3.5 x lO^mm/s 
Ml = slope of the liquidus = 1 .33 ‘’C/wt% 

R = freezing rate in pm/s. 

G = temperature gradient in the melt ahead of the S/L interfece = 7.4 C/mm 

C. =G„(l-a) 

The freezing rate ‘R’ = 45.9 pm/s 
C. = Co(l-a) 

r --, rto/ — n 

Co-2wt%;a-.^^^^^ 1.33x45.9x2 

a =-0.239 

C, = Co(l-a) ; 

■f 

= 1.239 x 2 = 2.478 wt% 


Excess amount of solute in the boimdary layer is given by area of the tri^gle for ‘R’ 
as seen from the Figure G. 1 = 1/2.C,.2 Dl/R = 0. 1 88 wt%mm 

Now, if the freezing rate has been increased from ‘R’ to ‘R,’, i.e. from 45.9 to 154 
)a.m/s. 

R, = 154 |im/s 

-D,G -3.5x10^ X 8.4 

a= k — = =-0.0717 

1.33x154x10-' X 2 

C, = (l-a)C„ 

= (1.0717)2 = 2.143 wt% 

Thus ‘C/ is decreased when there is an abrupt increase in freezing rate. 

Excess amount of solute in the boundary layer is given by area of the triangle for new 
R, as seen from the Figure G. 1 


= 1/2 .C,'.(2Dl/R,) = C/.(Dl/R,) 


= 2. 143 = 0.048 wt% mm 

(154x10-') 

Excess amount of solute in the boundary layo: when the freezing rate is increased is 
0.048 wt%.mm. 



Appendix H 

Determination of Heat Transfer Coefficient 


The heat transfer coefficient was calculated with the experimental results. 

The overall heat transfer coefficient is given by 
U = overall heat transfer coefficient 

Q 

27ir{h,AT, + 

where Q = Rate of heat removal by water 

hi, hj, hj, h 4 , hj are the points below the equilibrium solid/liquid interface. The total 
length taken over which the heat transfer is taking place is 
h, + hj + hj + h 4 + h 5 — 1.96 cm 

ATi , AT, , ATj , AT 4 and ATj are the difference between the average temperature in 
the solid at that point and the outlet water temperature. 

Q = Rate of heat removal by water 

= mCp.AT 

where m = mass flow rate of water 
Cp= specific heat of water 

AT= difference between outlet and inlet water temperatures. 

Inlet water temperature = 27.5 °C 
Outlet water temperature = 

q = chill water flow rate 

= 280cc/min 
p, = density of watCT. 

Cp = 1.007 kcal/kg^C 

m =q. Pi =280g/min 

Q = Rate of heat removal by water 

= mCpAT = 280 X 1 X 1.007 X (33-27.5) 

= 25.83 cal/s 

Figure H.l shows the temperature at different points below the solid/liquid interface. 
Xhe total length over which heat transfer is taking place is shown in the Figure H.l. 
figure H.1 shows the position of chill ring and the crucible stand. The difference 
between these two positions is the total length taken for the heat transfer take p ace. 



Temperature , 



Figure H.l : Temperature at 
interface. 


different points below the equilibrium 


soUd/liquid 


A37 



Q 

^ 2;'rr( A/i|-A7^ + + A4A2^ + AjAJ^) 


‘r’ is the radius of the Vycor crucible = 0.64 cm 

at = Difference in temperature at 0.49 cm from top end of chill ring and outlet water 
temperature. 

at, = Difference in temperature at 1.09 cm from top end of chill ring and outlet water 
temperature. 

at, = Difference in temperature at 1.44 cm from top end of chill ring and outlet water 
temperature. 

AT 4 = Difference in temperature at 1.84 cm from top end of chill ring and outlet water 
temperature 

AT< = Difference in 


temperature at 1 .96 cm from top end of chill ring and outlet 


Substituting the above values, n. 1 aiu xio*^ Watts 11^ 


water temperature. 

abstituting the above valuta, O - 1 3 m X 1 0 

U (overall heat transfer coefficient) = 0.0314 caVcm TC/sec 

ttansfer coefficient is also calculated ftom the empirical telation [21] 


Heat 


A, =0.67 


K'p'g 




CfXf 


5/3 \ 


KLp^'^g^'^ 


1/3. xl/9 


where K = thermal conductivity of water, 

= density of water, 

= acceleration due to gravity, 

- total length over which the heat transfer is taking place. 


P 

g 

L 


^ = average film temperature, 

C = specific heat of water, 

ACjlpf = Reynolds number. 

Velocity of chill water falling V q/(NXA) 

q = chill water flow rate = 280 cc/mm 
^ =4.67cc/sec 


A = Area of the holes 



Total no. of holes =14 

Diameter of holes = 1mm = 0.1 cm 

Radius = 0.0,5 cm 

Velocity of chill water falling is 

= 1 _ 4.67 

NxA 14;r(0.05)^ 

V = 42.49 cm/s 

VD^ p 

Reynolds no. = — 

where fr - is viscosity of water at 20°C 

= 1.006 X lO-^mVs 
Substituting in the equation. 

The heat transfer coefficient, hj = 0.012 cal/cmVs/“C. o • OS' x - 1 w«.t ts 1 IK- 



J 127799 




This hook 1$ to be returned on the 
date last stamped. 




